In the new study, Lan et al. 1 present a pipeline for massively parallel droplet-based sequencing of single cells. The work builds on a recent paper from the same group that demonstrated droplet microfluidic deep sequencing of single DNA molecules of up to 10,000 bases 6 .
the surface of the diversity present in many environments. Moreover, while sequence quality is much improved, single-cell genomes still present challenges related to biases in cell isolation and lysis, large variations in coverage due to amplification, and contamination.
Unraveling the full genomic complexity of microbial communities that may contain many thousands of different species is still beyond the reach of our sequencing technologies. Methods for single-cell sequencing can handle only small numbers of cells, which prevents meaningful characterization of these complex cellular populations. In this issue, Lan et al. 1 describe a droplet microfluidics workflow that readily produces tens of thousands of lowcoverage genomes from single cells. This orders-of-magnitude improvement in throughput should enable an array of diverse applications in microbial community genomics.
A decade ago, the only option for interrogating the genomes of uncultivated environmental microbes was bulk DNA extraction and sequencing, which for most natural communities yielded highly fragmented data and error-prone functional and phylogenetic assignments. Since then, increased sequencing capacity has greatly improved metagenome coverage, and better assembly and binning algorithms have made 'genomeresolved metagenomics' a reality. But the informatic challenges remain substantial, and some populations-even abundant ones-cannot be successfully reconstructed 2, 3 .
In the late 2000s, single-cell genomics emerged as a viable alternative to metagenomics for obtaining genome sequences of uncultivated microorganisms 4, 5 . Now a widely used technology, it typically employs DNA stains and fluorescence-activated cell sorting, and identifies organisms retrospectively by 16S ribosomal RNA sequencing. Hundreds or even thousands of cells can be flow-sorted from one sample, with automated workflows for downstream lysis, amplification, barcoding and sequencing. But the numbers of genomes obtainable by this approach still only scratch
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Microbial communities are rapidly sequenced at the single-cell level using droplet microfluidics. In parallel, a library of barcoded droplets is made by droplet PCR of synthesized barcodes, and merging these droplets with the genome droplets followed by another PCR step leads to uniquely barcoded libraries for each genome, which can be pooled and purified for sequencing.
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Algal biofuels hold promise, but substantial improvements in biomass productivity, harvesting, and protection from pathogens, growth inhibitors, weeds, and predators are required to make them economically viable as a renewable energy source 1,2 . According to techno-economic analyses, the productivity of algal biomass is paramount among these Key to that approach was the ability to generate a high-complexity library of barcode droplets by synthesis of random barcodes attached to sequencing adapters, limiting dilution and PCR amplification (Fig. 1) .
To extend this method to whole genomes, the team needed to lyse and extract DNA from individually encapsulated cells before molecular barcoding and library creation. This was achieved by embedding cells in agarose droplets so that the genomic material was immobilized during enzymatic lysis as well as during the subsequent washing steps necessary to remove the enzymes, detergent and cell debris. The agarose-embedded single genomes were then re-encapsulated in droplets preloaded with reagents for transposase-mediated fragmentation ('tagmentation'), minimizing cross-droplet contamination. Finally, the fragmented DNA was merged with the droplet barcode library, loaded with PCR reagents and primers, amplified and barcoded by thermal cycling, and purified for sequencing (Fig. 1) . Once generated, the sequences could be clustered by barcode and individually classified by function and taxonomy. In all, this process required four custom microfluidic devices of three different designs, with additional washing, PCR and emulsion-breaking steps taking place in conventional laboratory vessels.
Importantly, this workflow lacks the multiple displacement amplification used in virtually all single-cell genome approaches and thus avoids some of its pitfalls, including chimerism from template switching, branching structures that interfere with library generation, and coverage biases. However, the resulting genomes are very low-coverage: only 0.1-1% of each individual genome is covered even in a simple mock community. While the authors suggest that deeper sequencing could increase coverage-on average, <100 kbp of sequence data were generated per barcode in these pilot experiments-inefficiency in the tagmentation reaction is certain to limit genome recovery. Nevertheless, if multiple single cells from the same population can be identified and pooled, good genome coverage is achievable.
Given the low coverage of individual genomes, the method is best suited to investigating the co-occurrence of genes or genome features among individual members of a community. Lan et al. 1 explored such an application by analyzing the distribution of antibiotic-resistance genes in a coastal seawater community. While they identified putative antibiotic-resistance genes in a nonrandom 0.3% of barcode groups, their results also bear the hallmark of another gremlin that bedevils single-cell genomics-contamination. They find that beta-lactamase, the most abundant antibiotic-resistance gene in their data, is strongly associated not only with Alteromonas, a common marine bacterium, but also with Propionibacterium, a ubiquitous member of the human skin microbiome. This is not surprising given the extensive sample handling necessary for their experiments, and it highlights the importance of ultra-clean workflows in singlecell studies 7 . On the other hand, the recovery of all ten genomes from a mock community, even if only at very low frequency, is encouraging as compared to other single-cell methods 8 .
The work of Lan et al. 1 has potentially exciting implications for studies of host-virus interactions, evolutionary genomics and microbial ecology. Currently, both in genomes reconstructed from metagenomes and in single-cell genomes, it can be difficult to determine which 'anomalous' sequences-such as viruses, plasmids and gene islands that differ in sequence composition from the main genome-truly belong to the genome under investigation and which are merely the result of contamination or misassignment. This is still true of any individual barcode group obtained with the method of Lan et al. 1 , but data on tens of thousands of cells enable a statistical assessment of co-occurrence, heightening confidence in genomic patterns that are observed many times and enabling deeper investigation of phenomena like horizontal gene transfer.
Although the barcode groups represent very low-coverage genomes, they provide invaluable physical linkage data. Just as longrange mate pair data can connect contigs into scaffolds, shared barcodes scattered across the genome can connect contigs into genome bins. They thereby complement bulk methods like shotgun metagenomics and could augment or obviate the multiple sample interrogation necessary for abundance-based binning. In sum, Lan et al. 1 bring us one step closer to a time when complex environmental communities can truly be characterized at the granularity of individual cells. Similar advances are being made in transcriptomics, proteomics and metabolomics 9 . This unprecedented access to the microbial biosphere will undoubtedly change our understanding of community interactions, allowing each individual to shine.
